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this modified qPCR assay constitutes a cheaper molecular 
method to quantify Bd in amphibians.
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1 Introduction
The chytridiomycete fungus Batrachochytrium dendro-
batidis (Bd; Longcore et al. 1999) infects the keratinized 
tissues of amphibians and can induce skin ulcerations in 
post-metamorphic individuals and malformation of mouth 
parts in the larvae (Berger et al. 2005). This fungus may 
cause local mass mortality of amphibians (e.g., Daszak et al. 
1999; Bosch et al. 2001; Carvalho et al. 2017) and has been 
associated to several population declines and extinctions 
worldwide (Olson et al. 2013). Amphibian chytridiomycosis 
caused by Bd may be detected by histological, histochemi-
cal, immunohistochemical (e.g., Berger et al. 2005; Di Rosa 
et al. 2007), and molecular techniques (Boyle et al. 2004; 
Khirstein et al. 2007; Kerby et al. 2013), each method having 
different specificity and sensitivity (reviewed by Hyatt et al. 
2007). However, only quantitative real-time PCR (qPCR) is 
capable of providing reliable data on the pathogen load of 
amphibian samples by measuring the quantity of Bd DNA 
detected (Boyle et al. 2004; Krieger et al. 2006; Hyatt et al. 
2007). This feature is especially important for epidemio-
logical inference, because the prevalence and intensity of 
Bd infection can fluctuate with seasonal, temperature, and 
rainfall conditions, both at the population and the individual 
level (e.g., Whitfield et al. 2012; Spitzen-van der Sluijs et al. 
2014; Wagner et al. 2017), and Bd-associated populations 
declines coincide with a sharp increase in Bd prevalence and 
infection load (Vredenburg et al. 2010).
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One of the most widespread methods for Bd detection in 
qPCR is based on TaqMan chemistry that requires, in addi-
tion to two specific outer primers, a third, fluorescence-labelled 
oligonucleotide probe (Boyle et al. 2004). However, TaqMan-
based qPCR is a relatively expensive molecular technique, due 
to the additional cost of the probe. For studies with limited 
budgets, its cost may limit the number of samples that can be 
analysed and, therefore, may impede its large-scale application 
to amphibian monitoring and conservation plans. Several stud-
ies have tested alternative qPCR methods to enlarge the range 
of molecular tools available for Bd detection. For example, 
Khirstein et al. (2007) used the primers of Boyle et al. (2004) in 
the evaluation of the performance of the cheaper SYBR Green 
chemistry to quantitatively assess Bd infection in samples of 
water and sediments of sites inhabited by amphibians. SYBR 
Green is an intercalating dye that binds to any double-stranded 
DNA generated during the PCR reaction and emits enhanced 
fluorescence. This kind of chemistry requires two primers and 
a dedicated mix with addition of the fluorescent dye.
Ultimately, the development and adoption of alternative 
techniques depends on their cost-effectiveness. One should 
consider the existence of trade-offs by assessing whether 
cheaper methods can maintain the same performance as 
more expensive alternatives. For example, Kerby et  al. 
(2013) compared the effectiveness of three PCR techniques 
(TaqMan qPCR, fast qPCR, and low-volume qPCR) in 
quantifying Bd pathogen load in epidermic swabs obtained 
from wild-caught amphibians from Costa Rica. Their results 
clearly indicated that the fast qPCR technique gave similar 
quantitative results as those of Boyle et al. (2004), but the 
low-volume PCR, although cheaper, was inadequate to cor-
rectly quantify the pathogen load in the analysed amphibian 
samples (Kerby et al. 2013).
In this study, we tested and validated an alternative 
qPCR assay, in addition to the available published methods 
based on real-time TaqMan PCR developed by Boyle et al. 
(2004), SYBR Green qPCR with Boyle’s primers validated 
by Khirstein et al. (2007), and fast qPCR described by Kerby 
et al. (2013). We set up and validated a real-time PCR assay 
based on SYBR Green chemistry but with slightly modified 
primers, comparing it to the TaqMan qPCR method by direct 
comparison of efficiency and by analysing field samples of 
infected amphibians. We also calculated the cost-effective-
ness of our alternative method and compared it with that of 
the Boyle/TaqMan (Boyle et al. 2004) method.
2  Materials and methods
2.1  Real‑time PCR assay
All quantitative PCR reactions (qPCR) were run on a Step 
One plus (Life technologies, Monza Italy). 15 μl reactions 
containing 7.5 μl of 2 × Fast  SYBR® Green Master Mix 
(Life Technologies), PCR primers at a concentration of 
200 nM, and 5 μl of standards were prepared in triplicate. 
Bd DNA standards (European Bd-GPL) for real-time quan-
titative PCR (qPCR) were kindly provided by Dr. Trenton 
Garner (Institute of Zoology, Zoological Society of Lon-
don). Standards contained DNA from 100, 10, 1, and 0.1 Bd 
genome equivalents (Bd GE) and controls with no DNA tem-
plate were run in triplicate. Amplification conditions were: 
3 min at 95 °C, followed by 15 s at 95 °C and 30 s at 60 °C 
for 40 cycles. After amplification reaction, a melting curve 
ranging from 55 to 95 °C was measured. Boyle’s protocol 
based on TaqMan chemistry was followed with slight modi-
fications for comparison (Boyle et al. 2004). Briefly, 25 μL 
reactions containing 12.5 μl 2 × TaqMan ® Universal PCR 
Master Mix (Life Technologies), 5 μL of standards (ranging 
from 100 to 0.1 Bd GE), 900 nmol forward primer, 900 nmol 
reverse primer, and 250 nmol MGB probe were prepared in 
triplicate. An activation stage of 2 min at 50 °C, 10 min at 
95 °C, followed by 15 s at 95 °C and 1 min at 60 °C for 40 
cycles were used as amplification conditions.
Primers and probe used for TaqMan-based PCR were 
from Boyle et al. (2004); non-modified (fwd2: 5′-CCT TGA 
TAT AAT ACA GTG TGC CAT ATGC-3′; rev: 5′-AGC CAA 
GAG ATC CGT TGT CAAA-3′; Probe: 5′-6FAM CGA GTC 
GAA CAA AAT MGBNFQ-3′) and SYBR Green were simi-
lar with some modification only for forward primer (fwd1: 
5′-CCT TGA TAT AAT ACA GTG TGC CAT -3′). Table 1 shows 
the Gibbs-free energy for homo-, etero-dimer, and hairpin 
formation calculated for each primer. PCR efficiency for 
TaqMan-based PCR (92%) and SYBR Green-based qPCR 
(103%) resulted in the optimal range for linear quantifica-
tion for both methods. Melting curves for all standard tested 
(ranging from 100 to 0.1 Bd GE) are also shown in Fig. 1. 
For all amplification reactions, including no template control 
(NTC), no aspecific amplification products were detected for 
the designed primer pairs by both melting curve analysis and 
electrophoresis (Fig. 1 inset).
Table 1  Gibbs-free energy (ΔG) for secondary structure formation 
calculated for each primer used in this study
ΔG (kcal/mol)
Fwd1 homodimer −3.91
Rev homodimer −4.72
Fwd1-rev heterodimer −5.5
Fwd2 homodimer −7.82
Fwd2-rev heterodimer −5.5
Fwd1 hairpin 0.91
Rev hairpin 0.52
Fwd2 hairpin −0.41
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We then compared the performance of our modified 
SYBR Green method to that of Boyle’s qPCR using a set 
of 45 amphibians samples collected in the field (L. catesbe-
ianus in Belgium; Martel et al. 2013a); these were initially 
analysed using the Taqman-based qPCR, which we assumed 
as the “gold standard” given its widespread adoption. We 
then re-analysed the samples blindly (i.e., without informa-
tion on individual samples) using the SYBR Green method 
and compared the results. First, we used the number of 
positive and negative results under the two methods to esti-
mate their sensitivity and specificity, with 95% confidence 
intervals (using package epiR in R). Second, we compared 
the GE estimated by each method for each sample and used 
linear regression to assess whether the estimates differed 
significantly between the two methods.
We also calculated the cost of qPCR (reagents and plas-
ticware, excluding DNA extraction and laboratory staff 
costs) on the basis of estimated prices in March 2017, 
expressed in Euros (1 € ~ 1.08 US$). We considered that 
costs would not increase linearly with the number of sam-
ples. The cost of primers and  H2O would increase with every 
sample run; however, analyses would be carried out using 
96-well PCR plates, each filled to a maximum of 86 amphib-
ian samples, 5 standard samples, and 5 no template controls. 
The cost of pipette filter tips also increases with different 
volumes of reagents. We thus calculated the cost of analys-
ing a full plate using each of the two methods. In our calcu-
lations, we included controls for primers, but excluded them 
for dilution  H2O; we assumed that additional pipettes would 
be required every sample (10 μl), every 32 samples (20 μl), 
and every 48 samples (200 and 1000 μl). Labour and costs 
associated with the collection of samples may represent a 
large portion of the cost of analyses, but would not differ 
significantly between the two methods.
3  Results
3.1  Performance of the method on field samples
In terms of efficiency, our comparison suggested only mar-
ginal differences between the two methods. More specifi-
cally, fwd1/rev primer pair using SYBR Green-based chem-
istry showed a higher efficiency (103%) than those obtained 
by TaqMan chemistry with Boyle’s primers (92%). While 
an ideal reaction should reach close to 100% efficiency, an 
interval between 90 and 105% can be considered acceptable 
(Yuryev 2007).
The results obtained comparing 45 amphibian field 
samples measured with both the modified qPCR and the 
Fig. 1  Representative melting curves of standards (0.1; 1; 10; 100 Bd 
GE and NTC no template control) detected with SYBR Green-based 
qPCR is shown. Melting temperature obtained for the amplification 
was 70.2. Inset electrophoretic separation of 100 Bd GE amplifica-
tion product. Lane 1 molecular weight marker and lane 3 100 Bd GE 
amplification product of 146pb
Fig. 2  Comparison of estimated infection loads (GE) by the modified 
SYBR Green qPCR and the standard Boyle’s methods. The continu-
ous grey line represents the estimated correlation using linear regres-
sion, while the dashed line indicates a 1:1 correlation
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standard Boyle et al. (2004) method were also similar. Of the 
18 positives originally classified using the TaqMan method, 
17 were re-classified as positives using the SYBR Green 
method. This corresponds to one false negative, assuming 
that the TaqMan classification was correct, in which case 
SYBR Green would have a slightly lower sensitivity (mean 
94%; 95% CI: 73–100%). All the 27 samples classified as 
negatives in the original TaqMan qPCR were confirmed 
using the SYBR Green method (mean specificity 100%; 
95% CI: 82–100%). The estimated prevalence of chytrid in 
the sample was similar between the two methods (TaqMan: 
0.40, 95% CI: 0.26–0.56; SYBR: 0.38, 95% CI: 0.24–0.53; 
χ2 = 0.49, p = 0.83). In general, both assays gave similar 
quantification of the Bd individual load, although the esti-
mates obtained from the SYBR Green-based method were 
slightly higher when the Bd infection was <10 GEs (Fig. 2). 
However, the linear regression analysis did not show any 
significant difference (y = 1.12x; r = 0.793, p = 0.453 for 
a H0 of slope = 1; Fig. 2). The detailed analysis of costs 
for our modified qPCR method compared with the standard 
TaqMan method is reported in Table 2. The calculated cost 
of analysing a full 96-well plate (86 samples and 10 no tem-
plate controls) was 71.8 € using the SYBR Green method, 
less than half the cost for the standard TaqMan qPCR (158.6 
€ for a full plate).
4  Discussion
Amphibian diseases caused by the spread of different species 
of chytrid fungi are increasingly becoming a global conser-
vation concern (Daszak et al. 1999; Martel et al. 2013a, b, 
2014), requiring the development of cost-effective diagnostic 
techniques. In this study, we have validated an alternative 
SYBR Green-based method for Bd detection. Our method 
showed similar performance to the standard TaqMan qPCR 
method and was at least 60% cheaper. The cost-effectiveness 
obtained here is due to both intrinsic costs of the method 
Table 2  Comparison of costs for the two detection methods analysed
Description Firm Product code # Cost (€) Measure unit Package quantity Used quantity Cost per plate (€)
Taqman method
 DNase/RNase-free distilled 
water
Life Technologies 10977035 14.36 μl 500000 228 0.0065
 TaqMan® Universal PCR 
Master Mix
Life Technologies 4304437 462 μl 5000 1200 110.88
 Fwd2 primer Life Technologies – 9.52 μl 3000 216 0.6854
 Probe Life Technologies – 349 μl 600 60 34.9
 Rev primer Life Technologies – 7.48 μl 3000 216 0.5385
 2 ml tube Sarsedt 72-695-200 35 units 250 1 0.14
 Pipette filter tips 10 μl Sarsedt 70-1130-210 43.776 units 960 96 4.3776
 Pipette filter tips 200 μl Sarsedt 70-760-211 94 units 960 2 0.1958
 Pipette filter tips 1000 μl Sarsedt 70-762-211 49 units 430 2 0.2279
 96-well fast thermal cycling Life Technologies 4346907 41.2 units 10 1 4.12
 Optical adhesive cover Life Technologies 4311971 262 units 100 1 2.62
 Total 158.6919
Sybr Green method
 DNase/RNase-free distilled 
water
Life Technologies 10977035 14.36 μl 500000 182.4 0.0052
 Fast  SYBR® Green Master 
Mix
Life Technologies 4385612 417 μl 5000 720 60.048
 Fwd1 primer Life Technologies – 8.16 μl 3000 28.8 0.0783
 Rev primer Life Technologies – 7.48 μl 3000 28.8 0.0718
 2 ml tube Sarsedt 72-695-200 35 units 250 1 0.14
 Pipette filter tips 10 μl Sarsedt 70-1130-210 43.776 units 960 96 4.3776
 Pipette filter tips 200 μl Sarsedt 70-760-211 94 units 960 2 0.1958
 Pipette filter tips 1000 μl Sarsedt 70-762-211 49 units 430 2 0.2279
 96-well fast thermal cycling Life Technologies 4346907 41.2 units 10 1 4.12
 Optical adhesive cover Life Technologies 4311971 262 units 100 1 2.62
 Total 71.8847
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(additional cost of the probe 349 €) and to the reduction of 
reaction volume. Therefore, we suggest that the modified 
SYBR Green method could be a cost-effective alternative 
to the standard TaqMan qPCR.
The analysis of field samples suggests that the modi-
fied SYBR Green may have equal specificity, but a slightly 
lower sensitivity than the standard TaqMan qPCR. It should 
be noted, however, that we assumed the TaqMan as a gold 
standard, but its sensitivity may also be less than 100% 
(Skerratt et al. 2011). Moreover, an estimated sensitivity 
over 90% also implies a low chance of failing to detect infec-
tion in a surveyed population when collecting more than 
one sample (DiGiacomo and Koepsell 1986). The cheaper 
cost of the modified SYBR Green would make it easy to 
compensate the slightly lower sensitivity by adding a small 
number of extra field samples.
Although we did not consider the costs of collecting sam-
ples and of the labour required to run the analysis, they can 
be assumed to be very similar between the two methods. 
Such costs may represent a more or less important compo-
nent of an entire study, meaning that the savings afforded 
by the modified SYBR Green may not be appealing in every 
case. However, since they require very little or no sacrifice 
in terms of performance, savings may be of interest regard-
less, particularly for small-scale studies with limited budg-
ets, or where Bd detection is only one component or a larger 
programme.
Ultimately, our cost-effectiveness analysis suggests that 
the SYBR Green may provide more significant benefits 
when attempting detailed studies, such as long-term moni-
toring to detect small changes in intensity of infection; when 
dealing with populations with low expected Bd prevalence; 
and when facing limited resources that make economic sav-
ings proportionally more desirable. Since many amphibian 
research and management programs worldwide are likely to 
face at least one of these conditions, we consider the modi-
fied SYBR Green qPCR assay a practical alternative to the 
standard TaqMan assay.
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